Dinoflagellates produce a variety of toxic secondary metabolites that have a significant impact on marine ecosystems and fisheries. Saxitoxin (STX), the cause of paralytic shellfish poisoning, is produced by three marine dinoflagellate genera and is also made by some freshwater cyanobacteria. Genes involved in STX synthesis have been identified in cyanobacteria but are yet to be reported in the massive genomes of dinoflagellates. We have assembled comprehensive transcriptome data sets for several STX-producing dinoflagellates and a related non-toxic species and have identified 265 putative homologs of 13 cyanobacterial STX synthesis genes, including all of the genes directly involved in toxin synthesis. Putative homologs of four proteins group closely in phylogenies with cyanobacteria and are likely the functional homologs of sxtA, sxtG, and sxtB in dinoflagellates. However, the phylogenies do not support the transfer of these genes directly between toxic cyanobacteria and dinoflagellates. SxtA is split into two proteins in the dinoflagellates corresponding to the N-terminal portion containing the methyltransferase and acyl carrier protein domains and a C-terminal portion with the aminotransferase domain. Homologs of sxtB and N-terminal sxtA are present in non-toxic strains, suggesting their functions may not be limited to saxitoxin production. Only homologs of the C-terminus of sxtA and sxtG were found exclusively in toxic strains. A more thorough survey of STX+ dinoflagellates will be needed to determine if these two genes may be specific to SXT production in dinoflagellates. The A. tamarense transcriptome does not contain homologs for the remaining STX genes. Nevertheless, we identified candidate genes with similar predicted biochemical activities that account for the missing functions. These results suggest that the STX synthesis pathway was likely assembled independently in the distantly related cyanobacteria and dinoflagellates, although using some evolutionarily related proteins. The biological role of STX is not well understood in either cyanobacteria or dinoflagellates. However, STX production in these two ecologically distinct groups of organisms suggests that this toxin confers a benefit to producers that we do not yet fully understand.
Introduction
The important role of gene transfer in the evolution of genomes and novel traits in bacteria is well established (Ochman et al. 2000; Pál et al. 2005) . Whereas gene duplication is often implicated in the evolution of novel traits in multicellular eukaryotes, recent genome level analyses of microbial eukaryotes have revealed an important role for gene transfer in these organisms as well (Bowler et al. 2008; Keeling and Palmer 2008; Moustafa et al. 2009a) . Dinoflagellates are a group of microbial eukaryotes that have acquired a number of striking features through lateral gene transfer such as form II RuBisCo, histone-like proteins, and large numbers of plastid-related genes (Morse et al. 1995; Hackett et al. 2005; Waller et al. 2006) . They also play a significant role in marine ecosystems through primary production and the generation of a wide variety of toxic secondary metabolites associated with harmful algal blooms, or HABs (Van Dolah 2000; Hackett et al. 2004) .
One of the most significant of the HAB poisoning syndromes is paralytic shellfish poisoning (PSP), a potentially fatal illness that results when humans consume shellfish that have accumulated toxins. PSP is caused by saxitoxins (STXs), a family of heterocyclic guanidines that bind to sodium channels responsible for the flux of sodium in nerve and muscle cells (Cembella 1998) . STX is produced by a small number of species in two groups of organisms from different domains of life: cyanobacteria and dinoflagellates.
STX production is found in a small number of cyanobacterial species from several genera including Anabaena, Cylindrospermopsis, Lyngbya, Aphanizomenon, Planktothrix, and Raphidiopsis (Wiese et al. 2010) . The complete sequence ($35 kb) of a putative STX biosynthesis gene cluster encoding 26 proteins (sxtA-sxtZ) in the toxin-producing (STX+) cyanobacterial strain Cylindrospermopsis raciborskii T3 was recently determined (Kellmann et al. 2008 ). Subsequently, the STX gene cluster from several other cyanobacteria has been characterized (Mihali et al. 2009; Moustafa et al. 2009b; Stuken et al. 2010) . Eight proteins encoded by these genes (sxtA, sxtG, sxtB, sxtD, sxtS, sxtU, sxtH/T, and sxtI) appear to be directly involved in the synthesis of STX (Kellmann et al. 2008; Pearson et al. 2010) . Three additional genes encode proteins (sxtL, sxtN, sxtX) proposed to further modify the STX molecule, producing STX congeners. Phylogenomic analyses of the cyanobacterial STX synthesis genes revealed that some were vertically inherited, but many were acquired through lateral gene transfer from other bacteria (Moustafa et al 2009b) .
Many dinoflagellate species from the genus Alexandrium, as well as the more distantly related Gymnodinium catenatum and Pyrodinium bahamense var. compressum, produce STX (Oshima et al. 1993; Usup et al. 1994; Sako et al. 2001; Lilly et al. 2005) . Toxic species are paraphyletic within the genus Alexandrium and there are toxic and non-toxic strains of the same species, although these species designations have been questioned (Scholin et al. 1994; Lilly et al. 2007; Brosnahan et al. 2010) . Phylogenetic analyses of LSU rDNA from members of the Alexandrium tamarense species complex (including A. tamarense, A. fundyense, and A. catenella morphotypes) reveal five ribosomal species, with these groupings being consistent with toxicity and geographic distribution, rather than with the subtle morphological characteristics by which the species were described (Lilly et al. 2007 ). Two of the species, Groups I and IV, are uniformly toxic, whereas Groups II, III, and V are uniformly non-toxic. One explanation for a disjunctive distribution of STX is that the ability to produce the toxins may stem from symbiotic bacteria and not the dinoflagellate (Kodama et al. 1988 , Gallacher et al. 1997 , Vasquez et al. 2001 ). In contrast, other studies have shown that toxin production remains in the absence of symbiotic bacteria (Hold et al. 2001) . In support of the latter hypothesis, genetic analysis of A. tamarense Group IV has shown Mendelian inheritance of STX congener profiles, consistent with the idea that the genes encoding this function are encoded on the nuclear genome of Alexandrium species and not associated with prokaryotic symbionts (Sako et al. 1992) .
STX synthesis has been studied in both dinoflagellates and cyanobacteria using radiotracer experiments that suggest that STX is synthesized from the same precursors (three arginines, one methionine via S-adenosylmethionine, and one acetate) using presumably similar biochemical reactions (Shimizu 1993) . Given the unique structure of this compound and its narrow distribution in different domains, one hypothesis for the origin of STX synthesis is that toxin synthesis evolved in either cyanobacteria or dinoflagellates and was then acquired by the other through lateral gene transfer. Alternatively, toxin synthesis arose independently in each lineage, converging on a similar product. Convergent or repeated evolution of secondary metabolic pathways has been described in land plants (e.g., Pichersky and Gang 2000; Reimann et al. 2004 ). This process involves the evolution of secondary metabolite synthesis genes independently in separate lineages, often recruiting the new genes from the same vertically inherited precursor genes.
To test these hypotheses, we assembled a comprehensive transcriptome database for the STX+ dinoflagellate A. tamarense CCMP1598 (Group IV), STX+ A. tamarense strains SPE10-03, 38-3 and GTM-253-17 (Group I), the STX-A. tamarense ATSP1-B (Group III), and lower coverage transcriptomes for the two distantly related STX+ dinoflagellates (P. bahamense and G. catenatum). Using these data, we identified putative homologs of the STX synthesis genes in dinoflagellates and determined their evolutionary history.
Materials and Methods

Transcriptome Sequencing and Assembly
Inoculum cultures of the dinoflagellates A. tamarense CCMP1598 (Group IV), A. tamarense SPE10-03 (Group I), Gymnodinium catenatum GC744, and Pyrodinium bahamense CCFW293-B5, were maintained in modified f/2-Si medium ). All cultures were grown at 15 C on a 14:10 h light:dark cycle (ca. 200 mol photon sÁm-2Ásec-1 irradiance provided by cool white fluorescent bulbs). Cell pellets were resuspended in Trizol (Invitrogen) and flash-frozen in liquid nitrogen. Total RNA was extracted according to the Trizol protocol and treated with DNase. First-strand cDNA synthesis was done with the Superscript First Strand (Invitrogen) synthesis kit according to the manufacturer's protocol with the addition of a modified oligo-dT primer (5 0 AAG CAG TGG TAT CAA CGC AGA GTT TGT TTT TTT TTC TTT TTT TTT TVN 3 0 ). Second-strand synthesis was done with a primer containing the Clontech primer 2A sequence 5 0 and the dinoflagellate-specific 5 0 -trans-spliced leader sequence (5 0 AAG CAG TGG TAT CAA CGC AGA GTT CCG TAG CCA TTT TGG CTC AAG 3 0 ). This primer takes advantage of the 5 0 trans-spliced leader sequence on mature dinoflagellate transcripts to produce full-length cDNAs (Lidie and Van Dolah 2007; Zhang et al. 2007 ). Second strand cDNA was purified using the Qiagen PCR purification kit and amplified with the Advantage 2 PCR kit (Clontech). The 454 sequencing libraries were prepared with 5 g of cDNA and one full picotitre plate for each species was sequenced on a 454 FLX pyrosequencer with Titanium chemistry at the University of Arizona Genetics Core.
The 454 data were assembled using a custom cleaning, clustering, and assembling pipeline developed for 454 transcriptome sequences. Raw reads were first cleaned using SnoWhite v1.1.3 (http://www.evopipes.net, last accessed October 8, 2012) with the TagDust cleaning step implemented (Lassmann et al. 2009 ). The wcd system clustered the cleaned reads using an error threshold value of 5 (Hazelhurst et al. 2008) . Based on the wcd output, a Perl script split the data set into multiple fasta and associated quality files based on cluster sizes (i.e., read depth). The multiple files were assembled separately using Mira v3.0.0 (Chevreux et al. 1999) . The Mira outputs were assembled using CAP3 with an overlap percent identity cutoff of 94 (Huang and Madan 1999) .
Illumina RNA-seq Sequencing and Assembly Illumina RNA-seq data was produced for A. tamarense CCMP1598 (Group IV), using cultures grown under 4 different conditions. Cells were grown in batch culture in nutrientreplete f/2-Si media and harvested in late-exponential phase. Cells were also grown under semi-continuous conditions in f/2-Si and in f/2-Si substituting ammonium for nitrate. These cultures were maintained in a semi-continuous mode by replacing a volume of culture with fresh medium each day such that a growth rate of 0.4 divisionsÁday À1 was achieved. Cells were harvested when the cell densities were found to be in steady state for several days. Finally, cells grown in f/2-Si were synchronized and harvested in the G1 cell cycle stage as previously described (Taroncher-Oldenburg et al. 1997 ). All cultures were harvested by centrifugation and the cell pellets were resuspended in 1 ml of Trizol and then flash-frozen in liquid nitrogen. Alexandrium tamarense 38-3 and GTM253-17 (Group I) and A. tamarense ATSP1-B (Group III) cell pellets were taken from late-log phase cultures grown in f/2 -Si and encystment medium (Brosnahan et al. 2010) .
Fragments from polyadenylated RNAs were isolated and prepared for paired-end sequencing using a mRNA-seq reagent kit from Illumina (RS-100-0801) according to the manufacturer's instructions except that $300 bp fragment-primer products were isolated during size selection in order to avoid overlapping paired-end reads. Sequencing of one lane for each library was completed on an Illumina Genome Analyzer 2.0 by the Biomicro Center at MIT (Cambridge, MA). Read lengths up to 108 bp were attempted but no base calls after position 72 were used in the assembly because of poor estimated read quality. The RNA-seq data from A. tamarense CCMP1598 were quality trimmed and assembled with the 454 data (see above) and previously sequenced expressed sequence tags (Moustafa et al. 2010 ) using the CLC Genomics Workbench (CLC Bio) to produce a reference transcriptome. Illumina data for A. tamarense Group 1 strains (38-3 and GTM-253-17) was assembled with 454 data from A. tamarense SPE10-3 using CLC Genomics Workbench to produce a composite Group 1 transcriptome.
Illumina data for A. tamarense Group III strain were assembled using ABySS v. 1.2.2 (Simpson et al. 2009 ). Assembly parameters were set according to Birol et al. (2009) . A single value of k (k-mer length) was selected by maximizing the frequency of identical matches to MPSS tag libraries (Erdner and Anderson 2006; Moustafa et al. 2010 ).
Identification and Phylogenetic Analysis of STX Proteins
Protein sequences were predicted from the nucleotide assemblies of data produced in this study using FrameDP (Gouzy et al. 2009 ). The protein sequences from the Group IV A. tamarense assembly were searched against the CDD database using rpsblast (Marchler-Bauer et al. 2009 ). These results were queried for proteins containing the CDD domains found in the cyanobacterial STX genes. Proteins with a CDD hit e-value < 1e
À5 were used in phylogenetic analyses. Additional STX-related genes were identified with BLAST sequence similarity searches (tblastn, e-value < 1e À5 ) using the cyanobacterial proteins as queries against the dinoflagellate transcriptomes. A total of 265 putative homologs of 13 cyanobacterial toxin genes were identified using these methods (Table 1) . Nucleotide sequences of transcripts used in phylogenetic analyses presented in the figures have been deposited in Genbank (accession numbers JV310009-JV310320).
The evolutionary history of all putative homologs was determined using a custom phylogenomics pipeline (modified from Moustafa et al. 2008) . The predicted amino acid sequences from the 265 putative homologs were queried using BLAST against a local protein database composed of representative sequences from Joint Genome Institute, NCBI's refseq and dbest, as well as the FrameDP predicted proteins from all dinoflagellate assemblies in this study (see supplementary Table S1 , Supplementary Material online). For every BLAST result, full-length sequences were extracted from the database and aligned with the query with MAFFT using the L-INS-i strategy (Katoh et al. 2005) . Poorly aligned positions were removed from the alignments with Gblocks set to the least stringent trimming options (Castresana 2000) . Phylogenetic trees were inferred using RAxML rapid bootstrapping (100 replications) and maximum likelihood search assuming a WAG amino acid model of substitution and À site heterogeneity model (Stamatakis 2006 
Results and Discussion
The transcriptome assembly for A. tamarense Group IV included a total 10,645 Mb of sequence data comprising 112,383 contigs with a cumulative length of 98.32 Mb. To determine if this A. tamarense Group IV transcriptome assembly represented a comprehensive transcriptome data set, we assembled the RNA-seq libraries in all possible combinations of two (six assemblies), three (four assemblies), and four (one assembly) data sets using Abyss as described above. We compared the cumulative length of the raw data to that of the assembled contigs and showed that as the assemblies are constructed with increasing amounts of sequence data, the cumulative length of the assembly approaches an asymptote at 107 Mb ( fig. 1 ). These results suggest that our reference assembly of the transcriptome of A. tamarense Group IV, with a length of 98.32 Mb, represents $92% of the total transcriptome. Previous analyses of the A. tamarense transcriptome using MPSS revealed only a handful of conditionspecific transcripts in this organism (Erdner and Anderson 2006; Moustafa et al. 2010) , suggesting that the small number of conditions under which the cultures for this study were grown did not preclude the discovery of a large numbers of genes.
If the STX biosynthetic pathway evolved independently in cyanobacteria and dinoflagellates, BLAST searches may not identify all potential functional homologs of the cyanobacterial genes. To expand our search to proteins that may have similar biochemical activity, but little sequence similarity, we annotated our A. tamarense Group IV transcriptome using the CDD database and identified proteins with domains found in the respective cyanobacterial proteins. Using both approaches, we identified 265 putative homologs of 13 cyanobacterial STX genes in the A. tamarense Group IV transcriptome (Table 1) . These genes comprise all of the genes directly implicated in toxin synthesis (sxtA, sxtG, sxtB, sxtD, sxtS, sxtU, sxtH/T, and sxtI), the three proteins proposed to be involved in the modification of saxitoxin into related congeners (sxtL, sxtN, and sxtX), potential toxin transporters (sxtF/M) and a STX-binding protein (sxtP). Eight cyanobacterial proteins (sxtC, sxtE, sxtJ, sxtK, sxtQ, sxtR, sxtW, and sxtY) did not contain conserved domains and did not have any significant BLAST hits against the A. tamarense Group IV transcriptome. Our search strategy likely identified many genes that are not involved in toxin synthesis. However, because of the comprehensive nature of the transcriptome data set ( fig. 1) , we suggest that it is unlikely that additional, undiscovered homologs of the cyanobacterial genes are expressed. We analyzed the predicted protein sequences using our phylogenomic pipeline, which included the other dinoflagellate transcriptomes in this study, to determine the evolutionary history of each protein. If the STX synthesis pathway evolved once in either dinoflagellates or cyanobacteria and was then transferred to the other lineage, we expect cyanobacterial and dinoflagellate homologs to group closely in phylogenetic analyses. If the pathways were assembled independently, we expect these proteins to show divergent evolutionary origins.
The cyanobacterial gene sxtA encodes a polyketide synthase proposed to perform the first step in toxin synthesis, loading the acyl carrier protein (ACP) domain with acetate from acetyl-CoA and then methylating acetyl-ACP to propionyl-ACP (Kellmann et al. 2008) . The aminotransferase domain of sxtA then performs a Claisen condensation of propionyl-ACP with arginine. Previous analyses have shown that cyanobacterial sxtA resulted from the fusion of two proteins acquired from different Eubacterial sources (Moustafa et al. 2009b) . The N-terminus, which contains the acetyltransferase and ACP domain with a phosphopantetheinyl-attachment site (PP-binding), originated from a proteobacterium, whereas the C-terminus contains a Class II aminotransferase domain and was likely acquired from an actinobacterium.
Our analysis of dinoflagellate transcriptomes shows that the two sxtA domains are not fused in dinoflagellates and are encoded on different proteins. We identified contigs using BLAST in A. tamarense Group IV, A. tamarense Group I, P. bahamense, and STX-A. tamarense Group III, with sequence similarity to the N-terminal portion of sxtA containing an acyltransferase and PP-binding domain. Our search also included all available dinoflagellate ESTs deposited in Genbank. In these data, we indentified ESTs from A. catenella with similarity to this region of sxtA. The dinoflagellate proteins form a strongly supported monophyletic group within a clade containing Stramenopiles, Proteobacteria, and the N-terminal portion of sxtA from toxic cyanobacteria ( fig. 2A) . Searches against the CDD database identified 12 contigs in A. tamarense Group IV that contain an aminotransferase domain similar to that in cyanobacterial sxtA (Table 1) . Most of these clustered with other eukaryotes in phylogenetic analyses (supplementary Table S2 , Supplementary Material online). Two contigs clustered closely with STX+ cyanobacteria, forming a monophyletic group with a protein from STX+ A. tamarense Group I within a well-supported clade containing actinobacteria and the C-terminal portion of sxtA from STX+ cyanobacteria ( fig. 2B and supplementary fig. S1 , Supplementary Material online). We could not identify any putative homologs of these proteins in the non-toxic A. tamarense Group III.
Only one of the A. tamarense proteins corresponding to the N-terminal portion of sxtA (Contig 31894, fig. 2C ) contains the same predicted domain structure as cyanobacterial sxtA with a GCN5-related N-acyltransferase (GNAT) domain. The other proteins have a different predicted domain structure, including some with signal peptides. A. tamarense Group IV Contig 31,894 seems to be the most likely functional homolog of the N-terminus of sxtA in this organism based on this predicted structure. The other proteins, although clearly related to sxtA, may either participate in STX synthesis in some unknown fashion or have been modified for another process. Proteins with similarity to the N-terminal portion were indentified in both STX+ and STX-strains, as well in the stramenopile Aureococcus anophagefferens. This distribution suggests that this protein is not specific to STX synthesis and has been adapted for other uses in a wide diversity of organisms. In contrast, proteins similar to the C-terminus were found only in toxic A. tamarense species.
The sxtA-related proteins in dinoflagellates are not fused and are excluded from a sister relationship with cyanobacterial the N-terminal sxtA tree ( fig. 2A) . Together, these results suggest that these genes were not exchanged directly between cyanobacteria and dinoflagellates. The strong monophyly of sxtA-related proteins from STX+ dinoflagellates and, separately, from cyanobacteria supports the hypothesis that precursors of these sxtA genes were acquired independently by each lineage.
We also found contigs predicted to encode proteins containing an amidinotransferase domain, present in sxtG, the second enzyme in the STX biosynthetic pathway. This protein is proposed to incorporate an amidino group from a second arginine molecule into the STX intermediate (Kellmann et al. 2008) . One of these proteins (Contig 87049) from A. tamarense Group IV clusters with homologs from the three other toxic dinoflagellates in a poorly supported clade containing sxtG from toxic cyanobacteria (fig. 3A) . The dinoflagellate proteins are excluded from a sister group relationship with the cyanobacterial sxtG proteins by a supported relationship with protein from Beggiatoa sp. The dinoflagellate proteins appear to share a common ancestor with the cyanobacterial homologs, but were acquired independently by each lineage prior to the evolution of saxitoxin synthesis. Another A. tamarense Group IV protein (Contig 8098) falls in an unsupported position sister to an actinobacterium outside of this clade (fig. 3A) . The other two amidinotransferase candidates from A. tamarense cluster either in a well-supported position within a clade of Eubacterial arginine deaminases (Contig 22, 175) or in a group of homologs from other STX+ dinoflagellates outside the clade shown in fig. 2A  (supplementary fig. S2 , Supplementary Material online).
Only two contigs were found in the A. tamarense Group IV transcriptome that encode proteins with a cytidine deaminase domain as in sxtB, which is predicted to perform the third step in toxin synthesis. These group in a strongly supported clade with proteins from A. tamarense Group I and STX-Group III, as well as proteins from two Eubacteria and sxtB proteins from STX+ cyanobacteria ( fig. 3B ). As with sxtA and sxtG, the putative sxtB proteins in dinoflagellates show similarity to the cyanobacterial proteins, but phylogenetic analyses do not support the transfer of these genes directly between cyanobacteria and dinoflagellates.
Searches for proteins with amino acid sequence or domain similarity to sxtD, sxtS, sxtU, sxtH/T, and sxtI produced many candidate proteins (Table 1) , but none with a close phylogenetic relationship to proteins from toxic cyanobacteria. Supplementary figs. S3-S6, Supplementary Material online, show trees from phylogenomic analyses that contain the remaining cyanobacterial genes directly implicated in toxin synthesis (sxtS, sxtU, sxtH/T, and sxtI). We did not identify any homologs of the sterol desaturase sxtD of Eubacterial origin in any of our dinoflagellate transcriptomes. Phylogenies for two additional saxitoxin-related cyanobacterial genes, sxtF/M and sxtS, which contain dinoflagellate sequences are shown in supplementary figs. S7 and S8.
Conclusion
We assembled a high-coverage, comprehensive transcriptome for the STX+ A. tamarense Group IV and identified putative homologs of all cyanobacterial genes predicted to be directly involved in the synthesis of STX. Phylogenetic analyses show that only proteins involved in the first three steps of toxin synthesis in A. tamarense are closely related to the cyanobacterial proteins. Since proteins involved in these three steps have numerous homologs among a diverse group of organisms, it is unlikely that the biochemistry of these three steps is unique to saxitoxin synthesis. Rather it is combination of these enzymes in a particular sequence on the precursors of saxitoxin that is unique to this pathway. The sxtA, sxtG, and sxtB in cyanobacteria and dinoflagellates seem to be derived from common ancestral proteins. It is unlikely that these ancestral were involved in saxitoxin synthesis since they are also found in many organisms that are not known to make saxitoxin and are only found together in saxitoxin-producing cyanobacteria and dinoflagellates. The phylogeny of the C-terminus of sxtA is inconclusive and is the most likely candidate for direct lateral transfer from STX+ cyanobacteria to dinoflagellates. It would likely have been transferred prior to the fusion of sxtA in cyanobacteria since gene fission is much less frequent than gene fusion (Kummerfeld and Teichmann, 2005, Durrens et al. 2008 ). The sxtG tree ( fig. 3A ) also does not conclusively exclude the possibility of direct transfer between STX+ cyanobacteria and dinoflagellates, if the Beggiatoa sp. protein resulted from an independent transfer from cyanobacteria to this species. These results may indicate that it is the C-terminal portion of sxtA and sxtG that are critical for saxitoxin synthesis and that the remaining steps in the synthesis pathway can be performed by other enzymes.
Interestingly, homologs of the C-terminus of sxtA and sxtG have been found exclusively in toxic dinoflagellate species, with sxtG also found in G. catenatum and P. bahamense. The single non-toxic species examined here contained closely related homologs of N-terminal sxtA and sxtB. Since no strong candidates for the remaining saxitoxin genes were indentified in the toxic species, their distribution was not examined in the non-toxic A. tamarense Group III. A more thorough survey of STX+ and STX-dinoflagellates will be needed to determine if C-terminal sxtA and sxtG are specific to STX producing dinoflagellates.
It is still unclear if saxitoxin is synthesized by the same biochemical mechanisms in both dinoflagellates and cyanobacteria. It is possible that the later steps in the pathway are performed with very different biochemical reactions or enzymes, in which case, the genes involved in those steps would not have been identified by our analysis. Also, our results do not exclude the possibility that some of the steps of toxin synthesis could be performed or facilitated by associated bacteria. The biological role of STX is not well understood in either cyanobacteria or dinoflagellates. However, the evolution of STX production in these two ecologically distinct groups of organisms suggests that this toxin confers a benefit to producers that we do not yet fully understand. Functional genetic studies, such as expression of candidate genes in recombinant bacteria, will be required to definitively prove these genes play a role in STX synthesis. Currently, there are no genetic tools available for producing gene knock-outs in dinoflagellates. However, our analysis the A. tamarense transcriptome has identified strong candidates for many of the genes involved in toxin synthesis.
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